A novel framework to fabricate moth-like nanopillar arrays was proposed. In this scheme, nanowires were first cross-linked with anti-gold nanoparticle (GNP) antibodies and mixed with the nanopore array pre-deposited by GNP, which was then followed by centrifugation. An optimal success rate of 95% was finally obtained by choosing nanorods with an aspect ratio of 5:1 by modifying with 10 ng mL −1 antibodies, and by inserting them into a pore array pre-deposited with 54.4 μM GNP. The nanopillar arrays thus fabricated showed high levels of antireflective efficiency across a broad wavelength. Here we demonstrate the assembly of nanowires and nanopores into nanopillar arrays by the assistance of antibody-antigen binding. The application of bio-nano-interaction provides an economic, time-saving, and throughput approach to manipulating objects on the nanoscale.
Introduction
Nanopillar arrays have been developed to form transition layers that act to suppress reflection in optical and optoelectronic devices, such as solar cells, displays and light sensors [1] [2] [3] [4] [5] [6] [7] . Nanopillar arrays are characterized by subwavelength structures (SWSs), referred to as moth-eye structures. Many lithographic processes, such as photolithography [8] , electron-beam lithography [9] , nanoimprint lithography [10] and laser interference lithography [11] , may be used to fabricate antireflective SWSs. A reactive ion etching process, combined with self-assembled masks composed of colloidal nanospheres [12] , anodic porous alumina membranes [13] or metal particles [14, 15] , has been used to fabricate SWS surfaces using a bottom-up approach. In addition, the transfer of cracked nanowires onto a flexible adhesive substrate [16] and the embedding of CdS nanowires into polycrystalline Cd-Te thin films further facilitate the practical application of nanopillar arrays [7] .
Recent advances in the hierarchical assembly of functional nanodevices from nanoclusters have pointed towards potential applications in electronics and medicine [17] [18] [19] [20] [21] .
The assembly of one-dimensional nanostructures such as nanowires has been facilitated by physical techniques, such as polarization of nanowires in an applied alternating electric field [22, 23] , alignment of nanowires by a magnetic field generated by a cylindrical coaxial magnet [24] and microfluidic flows, with the control of average separation and by combining fluidic alignment with surface-patterning techniques [25, 26] . Bio-guided fabrication techniques have been developed that incorporate the characteristic self-assembling properties of biomaterials [17] . However, this application is limited to selfassembly of oligonucleotides or to applications involving zerodimensional nanomaterials. The application of specific bionano-interactions to manipulate heterogeneous nanomaterials of higher dimensions in multiple components has yet to be explored.
Materials and methods

Synthesis of gold nanoparticles and anti-GNP antibodies
GNPs with diameters between 2 and 17 nm were synthesized as previously reported [27] . The synthesis of gold nanoparticles by citrate reduction involves the use of auric acid, sodium citrate and water. The nucleation and growth of GNPs through standard citrate reduction in boiling water was induced by varying the molar ratio of sodium citrate to auric acid. First, 20 mL of 1.0 mM HAuCl 4 was added to a 50 mL Erlenmeyer flask with a magnetic stir bar on a stirring hot plate and the solution was brought to a boil. When the boiling point was reached, 2 mL of a 1% solution of trisodium citrate dehydrate was added and gold nanoparticles gradually began to form. The sizes of the synthesized GNPs were verified by electron microscopy and atomic force microscopy [28, 29] .
Anti-GNP antibodies were produced by immunizing BALB/C mice with 5 nm GNP followed by the generation of monoclonal antibodies [30] . The binding affinity and selectivity of these antibodies were characterized by an enzyme-linked immunosorbent assay (ELISA) [31, 32] . The antibodies exhibited a binding affinity highly selective for GNPs ranging from 2 to 7 nm in size and maximally so at 5 nm [29] .
Single-crystal silicon nanowires
Single-crystal silicon nanowires [33] were synthesized using high-quality single-crystal wafers via a vapor-liquid-solid growth mechanism, as previously described from single-crystal (111) Si wafers (figure 1). The cleaned wafers were transferred into a high-vacuum e-beam deposition system to deposit 2 nm Au thin films at a growth rate of 0.01 nm s −1 . The samples were HF-cleaned before being loading into a horizontal onezone furnace at a pressure of 10 −2 Torr. The samples were purged with 100 sccm of high-purity argon gas at 800
• C. The argon gas was then replaced as the carrier gas by pure hydrogen gas previously saturated with liquid SiCl 4 at room temperature and reacted at a flow rate of 100 sccm for 30 min.
Nanopore array
Electrochemical anodization was carried out at a constant voltage of 10 V in a solution of H 3 PO 4 -HNO 3 -H 2 O for 10 min at 40
• C. The sample was immersed in phosphoric acid, resulting in the formation of AAO nanopores [34, 35] . To achieve better pore ordering and uniformity, the sample was anodized for a second time under the same conditions. 
Assembly protocol for nanopillar array
The nanowires were cleaned by immersing in 0.2 M NaOH for 10 min, 0.2 M HCl for 3 min, followed by washing with distilled water for 5 min and then dried. Nanowires were soaked in 10% amino-propyl-triethoxysilane (APTES) for 1 h and then dried with toluene for 30 min at room temperature. To remove unbound APTES molecules, nanowires were rinsed several times with toluene and acetone and dried in an oven at 120
• C for 1 h. For the immobilization of antibodies, 100 μl of anti-GNP antibody (10 −5 mg ml −1 ) was incubated with APTES-functionalized nanowires at room temperature for 30 min, followed by blocking with 1% (w/v) BSA for 1 h and washed thoroughly by phosphate buffered saline (PBS). The surface-functionalized nanowires were mixed with a pre-GNP-deposited nanopore array, followed by centrifugation at 30 000g for 30 min. The pre-deposition of 5 nm GNPs was performed by dropping the GNPs onto the nanopore array and incubating it in a total volume of 5 ml, which covered the top of the array, in a centrifugation tube for 10 min to allow for the proper sedimentation of the GNPs into the nanopores. The final concentration of the GNPs varied from 0 to 68.0 μM. Residual GNPs deposited on the top of AAO was removed by PBS washing. Antibody-conjugated nanowires were added to the top of the solution, which was then centrifuged at 30 000g for 30 min. The nanopore array was then washed thoroughly, dried under vacuum and examined via SEM.
Transmission electron microscopy (TEM)
Small pieces of unfixed tissue were fixed in 2.5% glutaraldehyde with 0.05 M sodium cacodylate buffered saline (pH 7.4) at room temperature for 2 h. The samples were sectioned into 100 nm sections using an ultra-microtome. The grids with ultrathin sections were post-stained with uranyl acetate for 30 min and then by lead acetate for 3 min. After the poststaining procedure, a thin layer of carbon was evaporated onto the grid surfaces. Ultrathin-sectioned material was examined with a JEOL 1400 and a 3200 FS TEM. Schematic representation of the proposed hypothesis for inserting nanowires into nanopores. The AAO-processed nanopore array is first loaded with 5 nm GNPs. Silicon nanowires are synthesized, cross-linked with anti-GNP antibodies, and mixed with the GNP-loaded nanopore array, followed by centrifugation at 30 000g for 30 min. Antibody-conjugated nanowires can bind to GNPs and are pulled into the nanopores by centrifugation.
Results and discussion
Here, we propose a bio-guiding technique in which antibodyantigen binding is applied to assemble silicon nanowires and anodic aluminum oxide (AAO) nanopore arrays into an antireflective nanopillar array (figure 2). In this method, nanowires with a diameter of 70 nm are first cross-linked with an anti-gold nanoparticle (anti-GNP) antibody [36, 37] and then placed on the top of a nanopore array with a pore size of 115 nm [38, 39] on which GNP had been deposited, followed by centrifugation at 30 000g for 30 min. The binding of antibody and GNP is highly specific to size and surface composition [28, 29] . The antibody binds GNPs ranging from 3.5 to 6 nm and maximizes at 5 nm. The binding activity is blocked by 5 nm GNP but undisturbed in the presence of an excess amount of ZnO, TiO 2 and Fe 3 O 4 nanoparticles. In the absence of antibody modification the insertion rate was virtually zero. However, an insertion success rate of 5.3% was achieved following the antibodydirected assembly protocol ( figure 3(A) ). The low insertion success rate indicated that factors other than the antibody and the GNP may need to be considered. For example, a broad size distribution was observed for unpurified nanowires (figure 1). Size variation of nanowires may play a pivotal role during insertion. The nanowires that had been successfully inserted were recovered which populated with a length of approximately 350 nm (figure 3(B)). We found nanoparticles scattered sparsely on the surfaces of these wires (figure 3(C)). Elemental analysis by EDS confirmed them to be GNPs (figure 3(D)). Interestingly, the density was much lower than in the GNP-saturated nanowires (figure 3(E)), indicating the loss of bound GNPs during the removal. Nanorods shorter than 350 nm were preferentially selected by the assembly protocol.
Optimization for aspect ratio
To investigate the effect of aspect ratio on the efficiency of insertion, silicon nanowires with aspect ratios of 5:1 (356 ± 127 nm in length), 8:1 (586±109 nm), 13:1 (892±97 nm), 16:1 (1152 ± 133 nm) and 23:1 (1612 ± 143 nm) were synthesized (figure 4), functionalized with the antibody, and assembled with GNP-deposited nanopore arrays. Nanowires with aspect ratios of 5 and 8 exhibited an insertion rate higher than 90% (figure 5). The insertion rate dropped to 21% for nanowires with an aspect ratio of 13, 5% for an aspect ratio of 16 and to 1.5% for an aspect ratio of 23. The sudden decrease in the insertion rate for an aspect ratio of 8:1 indicates that an aspect ratio lower than 8:1 leads to a lower energy barrier and is thus a more likely outcome when using this procedure. It is likely that, during the course of insertion, nanowires formed a lever at the opening of pores with the rim of the opening serving as a pivot. The antibody-GNP interaction, as a driving force, overcame the disadvantageous leverage and pulled wires into the pores ( figure 2 ). An aspect ratio lower than 8 would ensure a lower energy barrier and, thus, was preferentially selected in the experiment.
Factors that affected assembly efficiency
In addition to optimizing the insertion rate via selection of the aspect ratio, the insertion rate was also optimized through selection of the antibody and GNP concentrations. Nanowires with an aspect ratio of 5:1 were functionalized with an anti-GNP antibody at concentrations ranging from 10 −8 to 10 −3 g l −1 ( figure 6 ). For those nanowires that were modified using an antibody at a concentration of 10 −8 mg ml −1 , a 12% insertion rate was obtained. The insertion rate increased rapidly and plateaued at 95% for an antibody concentration of 10 −4 mg ml −1 . Plateauing likely occurred due to the saturation of antibodies on the surface of the nanowires. As a control, the insertion rate was observed to be negligible in the presence of 10 −2 mg ml −1 normal serum, indicating that the effect of an anti-GNP antibody is highly selective. Figure 7 shows the relationship between the insertion success rate and the GNP concentration. In the absence of GNPs, no insertion was observed. The insertion rate increases rapidly and reaches a plateau of 92% with the use of 40.8 μM GNPs. The presence of this plateau is likely due to the saturation of GNPs on the inner surfaces of the nanopore array near to the nanopore rims.
It should be noted that the affinity between the nanowires and nanopores alone is not sufficient for a successful assembly of nanopillar array. Creating an affinity environment in the nanopore array and differentiating the non-affinity environment outside the pores apparently drives nanowires into pores. For example, APTES modification of nanowires allowed for the deposition of nanowires on the surfaces of nanopores (figure 8). The APTES modification created uniform but non-selective affinity, while the pre-deposition of GNPs created a non-uniform affinity environment that differs between the inside and outside of nanopores. The deposited GNPs occupied and concentrated near the openings of nanopores ( figure 8(A) ). The deposited GNPs provided sufficient affinity to attract nanowires and facilitate their assembly.
During the process, the depth of nanowire insertion was proportional to the centrifugation time and reached a plateau after 30 min (figures 9(A) and (B)). Nanowires approximately 240 nm in length were inserted into pores after 30 min of centrifugation. SEM imaging indicated that the deposited GNPs were concentrated near the openings of the nanopores. The interaction between AAO and GNPs is a nonspecific adsorption process and could be attributed to van der Waals forces. During the initial stage, the GNPs served as an attractive and guiding force that targeted the insertion of the nanowires. Centrifugation pushed the wires deeper in the pores. The sliding action of nanowires was very likely due to the weak and nonspecific van der Waals force between GNPs and AAO. Once the nanowires passed the opening area, the attractive force of the antibody-GNP interaction became a dragging force that held the nanowires near the opening and prohibited further penetration by the nanowires. The forces acting on the nanowires during insertion included a centrifugation force, water resistance, thermo-fluctuation, GNP/AAO interaction and an attracting/dragging force caused by antibody-GNP binding. The mass of a single nanowire is approximately 9 × 10 −18 kg (dimensions: 70 nm in diameter and 350 nm in length). The centrifugation force at 30 000g is approximately 3 pN. A nanoparticle 500 nm in diameter experiences a 0.09 pN drag force as it moves through water at a velocity of 10 μm s −1 . We were unable to estimate the force from thermo-motion; however, the unbinding force for the antibody-antigen interaction is approximately 400 pN [40, 41] , almost two orders of magnitude higher than the centrifugation force and sufficient to physically move and manipulate nanowires. To elucidate the contribution of the antibody-GNP interaction a simplified insertion model was proposed ( figure 9(C) ). Insertion of nanowire is valid when F1 × L1 = F2 × L2, where F1 and F2 are centrifugation forces at the mass centers of the outside and inside halves of the nanowire. L1 and L2 are corresponding displacement vectors from forces to fulcrum. When the end of the nanowire stands on the edge of the rim the insertion angle θ equals tan −1 (1/Ra), where Ra is the aspect ratio of the nanowires. Assume the orientation of nanowires is randomly distributed in the solution; the theoretical insertion rate is obtained as the ratio of θ divided by π/4 ( figure 5(D) ). For example, assuming the nanowire is 70 nm in diameter and 350 nm in length. 8 . Effect of APTES modification on the per cent insertion of nanowires. Nanowires were functionalized by APTES and insertion was performed in GNP-deposited nanopores. The insertion success rate is virtually zero for APTES modification (left), while in the presence of anti-GNP antibodies, the per cent insertion is 95% (right).
0.44 pN, respectively. The interaction of antibody and GNP will be dominant and serve as a driving force that inserts the nanowire into the AAO nanopore. The theoretical insertion rate for nanowires with an aspect ratio of 8.4 is 7.6%. In the presence of antibody-GNP interaction, this rate is elevated to 96%. The enhancing effect decreased rapidly and approached zero when the aspect ratio is higher than 16. It is likely that the antibody-GNP interaction contributed to the early phase of insertion. The strength of the antibody-GNP interaction is not exceptional. Many biological molecules function with forces in this range. Consequently, forces such as those in receptorligand binding, enzyme-substrate interactions and chemical bonding using cross-linking agents could be effective for the bio-manipulation of nanowires. Bio-guided assembly can be facilitated via a specific interaction of conjugated biomolecules with nanowires. With the application of antibody-antigen binding, it is likely that forces operating on a molecular scale can be utilized to facilitate nanoscale manipulation.
Reflectance of nanopillar arrays
The reflectance of the nanopillar arrays was measured over a wavelength range of 300-1300 nm. Figure 10 shows the hemispherical reflectance of the nanopillar arrays assembled from AAO nanopore arrays and nanowires with aspect ratios of 5:1 (candle), 13:1 (column) and 16:1 (stalk). For column and stalk nanopillar arrays, an insertion rate of 85% was achieved by repeating the assembly processes. The AAO nanopore arrays exhibited a 15%-60% reflectance over the investigated wavelength range. For the nanopillar arrays, a low reflectance (less than 5%) was observed in the wavelength range of 300-950 nm. However, nanopillar arrays with various aspect ratios exhibited differing reflectance. The reflectance of the candle-type nanopillar arrays exhibited less than 2% reflectance over a wavelength range of 300-580 nm. The column-type nanopillar arrays exhibited less than 2% reflectance over a wider wavelength range, from 300 to 860 nm. The stalk-type nanopillar arrays were not as effective at reducing reflectance as the other array types; however, less than 5% reflectance was observed for wavelengths shorter than 950 nm. In general, the candle-type and column-type nanopillar arrays yielded a lower reflectance over a broader wavelength range, as compared to the stalk-type arrays. Nanopillar arrays with a mixture of nanowire aspect ratios would be expected to suppress reflections over a broader spectral range. Lithographic processing leads to the fabrication of nanopillar arrays that have constant pillar heights. However, it is possible to construct hybrid nanopillar arrays with custom pillar lengths through the use of the bio-guided assembly method. A hybrid nanopillar array was assembled from a nanowire mixture consisting of equal amounts of three different lengths of nanowires ( figure 10(C) ). A relatively low reflectance was observed over the wavelength range of 300-1000 nm, a result that is comparable to the result that was obtained for the column-type nanopillar array. However, a lower variation of reflectance with wavelength was observed. The antireflective performance of nanopillar arrays is tunable by optimizing the composition of the nanopillar arrays with an appropriate mixture of nanowires with various aspect ratios.
Nanowires have been demonstrated to function as excellent building blocks for high-performance electronic devices [42] and solar cells [24] . Physical techniques have previously been used to assemble one-dimensional nanostructures. For example, a microfluidic flow technique may be used to align nanowires with controllable periodicity [25, 26] . A hierarchical assembly of nanowires may be achieved through layer-by-layer manipulations of the microfluidic flow. In addition, the alignment of ZnO nanowires may be accomplished by alternating electric fields between electrodes [22, 23] . A device fabricated through use of this method has the potential to be utilized in such devices as diodes, switches and interconnects. Electric fields may also be applied to align metallic nanowires [23] . Magnetic fields may be used to orient and spin Ni-capped CuSn nanowires [24] . The incorporation of antibody-antigen affinity within the assembly process for nanopillar arrays provides a new resource for the manipulation of one-dimensional nanostructures.
The environmental impact of industrial processes is of increasing concern to society. Chemicals used in the semiconductor industry pose a wide range of health hazards, including toxicity, carcinogenicity and corrosiveness. These chemicals also have reactive and oxidizing properties that may facilitate global warming. In addition, semiconductor processing requires significant energy consumption, may contribute to water pollution and presents various electrical, mechanical and electromagnetic hazards. The use of bionanotechnology will greatly reduce hazardous chemical usage and energy consumption in the manufacturing process.
In summary, we have demonstrated the assembly of antireflective silicon nanopillar arrays from nanowires and nanopore arrays with the assistance of an antibody-antigen binding process. The antireflective property of nanopillar arrays can be fine-tuned through the selection of an appropriate mixture of nanowires with various aspect ratios. The bio-nano fabrication process holds promise for a reduction in the usage of hazardous chemicals and a saving of energy.
We also demonstrate here the bio-directed manipulation of nanowires to construct higher-level nanodevices using bottomup fabrication. This is a time-saving and cost-effective process that does not use sophisticated semiconductor processing or expensive instruments. Based on the design scheme, the building blocks are not limited to Si nanowires or AAO nanopores. Nanowires or nanorods with proper modification can be inserted into pre-GNP-deposited pore arrays.
